During quiet standing, the human body sways in a stochastic manner. Here we apply the uctuationdissipation theorem (FDT) to the human postural control system and show that the dynamic response of the postural control system to a weak mechanical perturbation can be predicted from the uctuations exhibited by the system under quasi-static conditions. We also show that the estimated correlation and response functions can be described by a simple stochastic model consisting of a pinned polymer. These results demonstrate that the FDT exists for human balance control and that postural sway can be modeled by an equilibrium stochastic process. These ndings also suggest that the postural control system utilizes the same control mechanisms under quiet-standing and dynamic conditions. PACS numbers: 87.45.dr, 87.22.Jb, 05.70, 02.50.Ey Nonequilibrium statistical mechanics 1, 2, 3, 4] provides a theoretical framework for studying stochastic systems, a classic example being Brownian motion 5, 6]. For many of these systems, there exists the uctuationdissipation theorem (FDT) 2, 3, 4, 7, 8, 9] , which provides a relationship between the correlations of the uctuations of a system and its relaxation to equilibrium. Besides many applications in physics and chemistry, the FDT has been used to study protein dynamics 10], biochemical kinetics 11, 12], and population risk mortality 13]. Here we apply the FDT to the human postural control system and use it to test the hypothesis that the system's dynamic response to a mechanical perturbation can be predicted from the uctuations exhibited by the system under quasistatic conditions. Our speci c aims are to show that: (1) human postural sway is an equilibrium stochastic process for which the FDT holds, and (2) the response function and the derivative of the correlation function can be modeled by the analytical solution of the recently considered pinned-polymer model of posture control 14].
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The human postural control system is highly complex { it involves multiple sensory systems and motor components. Numerous studies have investigated human balance control under quasi-static (unperturbed) conditions or dynamic (perturbed) conditions 15]. Despite these e orts, it remains unclear as to how the various sensorimotor components are integrated into the postural control system and whether the system utilizes similar mechanisms and strategies under quiet-standing and perturbed conditions 16] .
Given the intrinsic complexity of the postural control system, it is not surprising that its output is highly irregular. For example, during quiet standing, the center of pressure (COP) under an individual's feet continually uctuates in a stochastic manner (see Fig. 1b proposed a pinned-polymer model to describe the stochastic dynamics of the human postural control system. This model is based on the assumption that the human body can be described by a continuum model analogous to a exible string or polymer that is elastically pinned to an equilibrium position and under the in uence of stochastic uctuations. The motion of the COP is assumed to be represented by the motion of a single point along the polymer. The model can be justi ed given that: (1) the human body in an upright stance is able to assume an innite number of possible geometric con gurations in equilibrium with external forces 17], and (2) the force output of skeletal muscles is noisy 19]. We model the dynamics in one spatial dimension y(z; t) with a Langevin- 
The power spectrum S(k; !) of y(z; t), which is the inverse of the correlation function S(z; t) = hy(z; t)y(0; 0)i, is given by 14]
Equations (2) and (3) (4) which is the FDT for the pinned-polymer model. In our experimental measurements, we consider the quantity C(t) = 2 S(z; 0)?S(z; t)], where z const = 0. This leads to the relation R(t) = 1=(2D) dC(t)=dt.
In our experiments, COP time series were recorded from 10 healthy young subjects. Subjects were studied under quiet-standing and dynamic conditions (Fig. 1) . During each dynamic test, a weak mechanical perturbation was applied to the subject's pelvis. An estimate for the response function,R(t), was calculated by averaging the 20 perturbed trials, using the time of the maximal swayamplitude following the perturbation as a trigger point. Each trial was normalized to unity at the trigger point.
The derivative of the correlation function, c dC(t)=dt, was obtained by estimating the autocorrelation function S(t) 23] of each unperturbed trial, calculating its derivative (using a simple lter), averaging the resulting single-trial estimations, and multiplying by ?1. As above, the time of the maximal-sway amplitude of each trial was used as the trigger point for the averaging, and each trial was normalized by its trigger-point amplitude prior to averaging. 2 values were 820, 940 and 1100, respectively, indicating that the curves were not signi cantly well-matched.) Thus, in the majority of cases, we were able to predict the general behavior ofR(t) (which was estimated from the perturbed trails) from c dC(t)=dt (which was obtained from the quiet-standing trials).
We also t, by a Levenberg- 
where is the step function and J 0 (x) is the zeroth-order Bessel function. For 4 < 1, J 0 is replaced by the zerothorder modi ed Bessel function I 0 . We made the assumption that the estimated standard deviations displayed in Fig. 2 are normally distributed. In this case, the errors for the parameters of the tted functions can be obtained from the covariance matrix of the t 26]. The goodness of the t was again estimated using a 2 statistic. In 9 of the 10 subjects, we obtained good ts for bothR(t) and c dC(t)=dt (e.g., see Fig. 3 ). These results indicate that the model holds for the majority of subjects.
These novel results demonstrate that the dynamics observed in human postural sway can be described by an equilibrium stochastic process for which the FDT applies and that the proposed pinned-polymer model well describes the correlation and response functions of the data. The existence of the FDT (which does not necessarily imply that the stochastic process is linear 9]) leads to physiological conclusions that are independent of the analytical model. One such conclusion is that if the postural control system at a time t 0 is in a nonequilibrium state, then it cannot distinguish whether it was brought into that state by an external, perturbating force or an intrinsic, random uctuation. From a physiological standpoint, this implies that the postural control system may use the same neuromuscular control mechanisms under quiet-standing and dynamic conditions.
The discrepancy between the response and correlation functions found in 3 of the 10 subjects may have been due to compensatory or learned strategies that were adopted by the subjects during the experiments. For example, if a Figure 3 : Results of the t ofR(t) and c dC(t)=dt, respectively, to the pinned-polymer posture model Eq. (5) for the two subjects of Fig. 2 . Since one is unable to de ne a \mean" or \zero" position in the perturbed trials, an arbitrary DC o set is present. To account for this o set, we t a fourth \DC" parameter to Eq. (5), which corresponded simply to adding a constant to the equation. Therefore, the zero level in each plot does not correspond to the equilibrium state. Note that for Subject 1, who exhibited a more \oscillating" behavior, the parameter was approximately twice as large as that for Subject 2. subject voluntarily introduced a compensatory movement during a trial, this would appear as an independent, nonstationary, biased perturbation acting on the system. If this were the case, then the FDT, which is assumed to hold without such \additional uctuations", would not be seen in the associated response and correlation functions.
The response function should exhibit a dynamical structure for times as long as 20{30 s after a perturbation, since this is the longest time over which signi cant correlations are found in quiet-standing postural-sway data 17, 18] . (Physiologically, this means that the postural control system takes 20{30 s to recover fully from a weak perturbation.) However, the data only showed strong observance of the FDT for relatively short times (< 4 s). This result is likely due, in part, to the nonstationary effects of voluntary movements, as mentioned above and due to the sensory feedback systems which act on the body. It is also related to the fact that as the response function approaches zero the signal-to-noise ratio of the data worsens, so the points become more unreliable as one goes to longer times. We are limited in the amount of averaging that can be done since the subjects tire, the system that the long correlation is not in contradict to the 4 s for which the FDT holds. The correlation andR(t) them-self, without comparing one to each other, are non-parametric estimations from empirical data. Therefore, it might be thatR(t) and c dC(t)=dt deviate after a few seconds for the mentioned reasons, butĈ(t) andR(t) both exhibit some signi cant, but di erent structure.
From a clinical standpoint, this work suggests that it may be possible to use the FDT to predict the impairment of the postural control system under dynamic conditions from data recorded in quiet-standing experiments. Such a development would simplify and improve clinical balance testing by eliminating the need for introducing potentially deleterious perturbations to frail patients.
